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The development of non-enzymatic glucose electrochemical sensors is still required to be used for the deter-
mination of glucose in complex biological media. This study presents a straightforward and remarkably efficient
tool for the preparation of highly stable and sensitive glucose electrochemical sensors based on the deposition of
cobalt phthalocyanine (CoPc) onto mesoporous carbon screen-printed electrodes (MCs). Results show that the
MC electrochemical activation (aMC) followed by phase inversion (PI), which consisted of drop casting of CoPc
in dimethylformamide onto a wetting electrolyte leading to the electrode aMC-CoPc/PI, enhanced sensitivity
towards glucose determination in complex media. The beneficial need for MC surface activation and PI has been
explored by scanning electron microscopy, energy dispersive X-ray spectroscopy, Raman spectroscopy, cyclic
voltammetry and electrochemical impedance spectroscopy. The aMC-CoPc/PI electrode exhibited the highest
electrocatalytic activity of the series (namely, MC-CoPc, MC-CoPc/PI and aMC-CoPc) towards glucose oxidation.
By using square wave voltammetry technique, the aMC-CoPc/PI glucose electrochemical sensor demonstrated a
sensitivity of 22.3 yA mM ™! and a low detection limit of 27.4 uM (S/N = 3) in a linear dynamic range of 0.1 to
3.5 mM. Additionally, it also displayed high selectivity, robust stability, repeatability and reproducibility toward
the quantification of glucose concentration in complex samples such as horse serum, intravenous glucose saline
solution and culture medium for sperm cells.

1. Introduction

Metallophthalocyanines (MPcs) are an attractive class of macrocyclic
complex compounds widely known for their outstanding electro-
catalytic activities towards the oxidation of a plethora of chemical
substances [1-3]. Among the MPcs, cobalt phthalocyanine (CoPc) has
been extensively used as a mediator in electronic devices because of its
rich redox chemistry and adequate electron transport capability, which
has led to its wider applications in low-overpotential sensors fabrication
[4,5]. Nevertheless, a drawback associated with the physical adsorption
of MPcs on electrode surfaces is the lack of physical stability of MPc
adsorbed species as they usually peel off from the electrode surface,
resulting in a decrease of electrochemical activity [6]. Hence, an
adequate selection of the support material is essential to gain stability
and good performance of MPc-based electrochemical sensors. Since
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MPcs exhibit a highly conjugated n-electron system that can interact
with carbon nanomaterials through n-n stacking [71, the use of carbon
materials is suitable to enhance the adsorption-immobilization of MPcs.

Mesoporous carbon (MC), with a distribution of pores in the range of
2 to 50 nm [8], displays important properties such as controlled pores
size and distribution, high electroactive area, high capacity to host a
wide variety of electrocatalysts and good chemical stability [9,10]. Asa
result of these distinctive properties, MCs have found widespread ap-
plications in electrochemistry, including energy storage in super-
capacitors and batteries, catalysis in reactions like oxygen reduction and
hydrogen evolution, adsorption of pollutants from water and air [11], as
well electroanalytical applications where MCs act as support [12]. As far
for electrochemical sensing, MC has even shown more favorable electron
transfer kinetics than carbon nanotubes (CNTs) [13]. The high density of
edge plane-like defective sites and the relatively large surface area may
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provide many favorable sites for electron transfer as well for immobi-
lization of electrocatalytic substances [14,15]. Furthermore, it has been
shown that the inherent nanoarchitecture of MC surface improves
dispersion and distribution of nanoparticles, thereby enhancing sub-
strate binding, mobility, and collision probability [16,17].

Phase inversion (PI) is a technique that has been successfully applied
for the immobilization of enzymes, metal nanoparticles, CNTs and zinc
phthalocyanines into polymeric membranes [18-21]. In a typical PI
procedure, a polymer is dissolved in a water-miscible organic solvent
(casting solution). After distributing that suspension onto the surface of
interest, an aqueous solution is added on the polymer suspension. As the
polymer is insoluble in water, the addition of this solution induces its
precipitation [20]. PI has been also employed for the preparation of
carbon-based materials with different applications; as a case in point, a
modified PI process was employed to prepare 3D graphene embedded
with nitrogen-doped carbon nanoparticles for application in super-
capacitors [22]. In another interesting study, PI was used to prepare
porous carbon for lithium-sulfur battery cathodes [23]. PI has been also
used to modify commercial screen-printed electrodes (SPEs) using pol-
ysulfone membranes [19,21,24-26].

Therefore, this work aims to assess the effectiveness of a modified PI
procedure in the presence of salt as a cost-effective methodology for the
immobilization/adsorption of CoPc into activated MC-based screen-
printed electrodes. The modified procedure was expected to improve the
electroanalytical outcome and stability of the electrodes, making them
suitable for glucose electrochemical sensing in complex media. The
continuous and rapid monitoring of glucose concentration in body
fluids, cell culture media or foodstuffs is crucial to avoid any possible
complication affecting human health or cell development. For that,
there has been substantial interest in developing and improving glucose
electrochemical (bio)sensors [27-30]. Over the last decade, some CoPc-
based enzyme-free glucose sensors have been developed using nano-
hybrid materials such as multiwalled carbon nanotubes/cobalt tetra-
sulfonated phthalocyanine [31], CoPc/ionic liquid/graphene [32] or
CoPc/single-walled carbon nanotube/reduced graphene oxide [33]
with good performance. However, these works required the presence of
advanced and expensive conductive carbon nanostructures and/or ionic
liquids to improve the electrochemical response.

In the present work, a novel, simple and highly efficient method for
the preparation of a glucose electrochemical sensor to be used in com-
plex media has been designed. The change in surface chemistry of MC by
a straightforward electrochemical activation has been proven as a key
parameter for the optimum adsorption of CoPc on the MC network.
Under MC surface modification and PI application for CoPc adsorption,
the outcome of the glucose electrochemical sensor was determined by
square wave voltammetry. The CoPc-based glucose electrochemical
sensor exhibited good electroanalytical parameters towards glucose
measurement in prepared solutions and some complex real samples,
such as horse serum, intravenous glucose saline solution and culture
medium for sperm cells.

2. Materials and methods
2.1. Reagents

L-ascorbate sodium salt, citric acid trisodium salt, cobalt (II) phtha-
locyanine (CoPc), L-dehydroascorbic acid (DHA) sodium salt, N,N-
dimethylformamide (DMF), dopamine, D-(4)-glucose, sucrose, urea
and uric acid sodium salt were purchased from Sigma Aldrich (Madrid,
Spain). Potassium hexacyanoferrate(II) trihydrate, sodium chloride and
sodium hydroxide were from Merck (Madrid, Spain). Solutions were
freshly prepared every day with deionized water (resistivity no less than
18.2 MQ-cm at 25 °C) (Millipore, Watford, UK). A commercial glucose
assay kit based on the enzymatic oxidation of glucose by the enzyme
glucose oxidase was purchased from Sigma-Aldrich. This is a bi-
enzymatic assay in which glucose is oxidized to gluconic acid by
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glucose oxidase, also yielding hydrogen peroxide, which then reacts
with o-dianisidine in the presence of peroxidase to yield a colored
product at an acidic pH to be measured at 540 nm. Spectrophotometric
measurements were performed according to the supplier’s instructions
(https://www.sigmaaldrich.com/ES/es/product/sigma/gago20).

2.2. Preparation of modified electrodes

Screen-printed carbon electrodes (SPCEs) modified with mesoporous
carbon from Metrohm-Dropsens (DRP-110MC, MCs) were used for the
present study. The electrodes consisted of a mesoporous carbon/carbon
ink working electrode with a geometrical area of 12.6 mm? a carbon ink
counter electrode and a silver ink pseudo-reference electrode.

The preparation of modified electrodes is illustrated in Scheme 1.
Firstly, MCs were pre-treated by cyclic voltammetry from 1.0 to —1.0 V
at 0.05 Vs ! in 0.1 M NaOH for one cycle to generate the activated
electrodes (aMCs). Then, two different ways of immobilizing CoPc based
on drop casting were carried out: 1) without PI and 2) with PI. In the first
case, 2 uL of a solution of CoPc (2.5 mg/mL in DMF) was directly drop
casted onto the working electrode of MCs and aMCs to obtain MC-CoPc
and aMC-CoPc electrodes, respectively. In the second strategy, the
electrodes were immersed in a solution containing 0.1 M KCl for 1 h;
then, the electrodes were placed on a flat surface to modify the working
electrode with CoPc. For that, 5 uL of an aqueous solution 0.1 M KCl
were drop casted onto the MC and aMC working electrodes. Subse-
quently, 2 uL of a solution of CoPc (0-5 mg/mL in DMF) was drop casted
onto the solution of KCl to induce precipitation and immobilization of
CoPc and favor its adsorption on the mesoporous network (phase
inversion). The electrodes obtained by this method were named as MC-
CoPc/PI and aMC-CoPc/P], respectively. After drop casting of CoPc, the
electrodes were allowed to dry in the air at room temperature (RT).

2.3. Electrochemical measurements

The electrochemical experiments were carried out with an AUTOLAB
potentiostat PGSTAT 128N controlled by the NOVA 2.0 software pack-
age equipped with an EIS analyzer (Eco Chemie B.V., Utrecht, The
Netherlands). Unless otherwise indicated, all indicated potentials are
referred to the Ag pseudo-reference electrode of the screen-printed
platforms. The experimental conditions used are specified in the corre-
sponding figure captions. All electrochemical measurements were per-
formed in a 10-mL cell at RT (25 + 2 °C), with no deaerated solutions.
EIS experimental conditions were the following: the electrodes were
polarized at 0.2 V for 30 s. Then, a sinusoidal amplitude potential
perturbation (5 mV rms) was imposed between 65 kHz and 10 mHz,
with ten points per decade. Square wave voltammetry (SWV) mea-
surements were preceded by the application of a doble potential step
chronoamperometry at -0.7 V during 5 s and 0 V during 5 s. SWV
measurements were performed with a modulation amplitude of 50 mV, a
frequency of 2.5 Hz and a step of 5 mV.

PHASE INVERSION METHOD
= ] KCl

CoPc in DMF

» = » ﬁﬁ

KCI solution

Scheme 1. Depiction of the preparation of the electrodes by phase inver-
sion (PI).
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2.4. Physicochemical measurements

The morphology of the electrodes was analyzed using field emission
scanning electron microscopy (FE-SEM, HITACHI S-3000 N micro-
scope), working at 30 kV with a Bruker X flash 3001 X-ray detector for
the microanalysis.

The XPS experiments were recorded on a K-Alpha Thermo Scientific
spectrometer using Al-Ka (1486.6 eV) radiation, monochromatized by a
twin crystal monochromator, yielding a focused X-ray spot with a
diameter of 400 pm mean radius. The alpha hemispherical analyzer was
used as an electron energy analyzer, operating in fixed analyzer trans-
mission mode, with a survey scan pass energy of 200 eV and 40 eV
narrow scans. The angle between the X-ray source and the analyzer
(magic angle) was 54.7°. Avantage software was used for processing the
XPS spectra, with energy values referenced to the Cls peak of the
adventitious carbon located at 284.6 eV, and a Shirley-type background.

Spectrophotometric measurements were carried out using a UV/Vis
Perkin-Elmer Lambda 35 (Perkin Elmer Instruments, Waltham, USA)
spectrophotometer at 25 °C. Raman spectroscopy measurements were
carried out using a JASCO NRS-5100 Laser Raman spectrometer coupled
with a confocal microscope (x50 objective). The excitation line was
provided by a standard laser at 532 nm at a very low power level to
avoid heating effects.

2.5. Real samples

The real samples herein tested consisted of horse serum, intravenous
glucose saline solution and culture medium for sperm cells. Horse serum
was from Sigma-Aldrich (reference H1270) and the intravenous glucose
saline solution was purchased from a local pharmacy (with a composi-
tion of 0.9 % w/v NaCl and 5 % w/v glucose). The culture medium for
sperm cells was generously supplied by the Health and Biotechnology
research group (University of Castilla-La Mancha, Spain) with the
following chemical composition: Tris (27 g-L’l), citric acid (14 g-L’l),
glucose (10 g-L‘l) and clarified egg yolk (20 % v/v) [34]. All samples
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were diluted in aqueous NaOH 0.1 M for the electrochemical measure-
ments. Both the culture media for sperm cells and horse serum were
deproteinized before the measurements. To do that, samples with the
appropriate dilutions were introduced into a water bath at 90 °C for 10
min. Afterwards, solutions were centrifuged at 6,000 rpm for 10 min and
the supernatant was filtered and collected.

For the electrochemical measurement of real samples, a drop of the
sample (about 20 pL) was placed on the surface of the electrodes. The
measurements were carried out by SWV with the parameters previously
indicated (see 2.3. Electrochemical Measurements). All the measure-
ments were compared with a standard enzymatic spectrophotometric
method (see Reagents) and assays were performed in triplicate.

3. Results and discussion
3.1. Characterization of the electrodes

Commercial SPCEs are fabricated using inks that sometimes require
activation to improve electron transfer and enhance sensing perfor-
mance [35,36]. This is due to the existence of some organic solvents,
binding pastes and some additives that can lead to sluggish kinetics.
Electrochemical pretreatments of SPEs allow the in-situ activation of
working electrodes [37,38]. In this work, MCs were pretreated by cyclic
voltammetry in 0.1 M NaOH. To determine if some functionalities were
introduced on the surface of the electrodes during the activation process,
XPS analysis was conducted (Figs. 1 and S1). Analysis of Cls and Ols
core level spectra analysis revealed important modifications of carbo-
naceous inks of MCs after activation. XPS deconvolution of the Cls core
level spectrum (Fig. 1A and B) showed the presence of peaks at 284.6,
285.6, 286.5 and 288.7 eV, which were assigned to graphitic C-C,
aliphatic C-C and/or C-H and/or C-N, C-O and C=0, respectively [39].
XPS deconvolution of O1s core level spectrum (Fig. 1D and E) exhibited
energy peaks at 532.2, 533.2 and 534.3 eV, attributed to C=0, C-O and
C-OH groups, respectively [39]. The high resolution for the analysis of
Cls and O1s spectra revealed a decrease in carbon content (95.5 % for
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Fig. 1. XPS spectra Cl1s for MC (A) and aMC (B). (C) Atomic % of functional groups after deconvolution of C1s atomic level. XPS spectra O1s for MC (D) and aMC (E).

(F) Atomic % of functional groups after deconvolution of Ols.
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MC, 89 % for aMC) as well an increase in oxygen content (4.5 % for MC,
11 % for aMC). After activation, graphitic C-C atomic % decreased
whereas the oxygenated species (C-O and C=0) atomic % increased, as
shown in detail in Fig. 1C and F. As a result, the functionalization of MCs
with polar oxygen-containing functional groups provides a more hy-
drophilic character to the electrode surface and, therefore, better
wettability.

Fig. 2 displays the SEM of surface morphology of MC, aMC, MC-CoPc,
aMC-CoPc, MC-CoPc/PI and aMC-CoPc/PL. Firstly, when MC and aMC
are compared (Fig. 2A and B), the photographs show a more open
porosity in the case of aMC, which would indicate a cleaning of carbon
surface by NaOH, probably due to the removal of organic binders or
other non-electroactive materials [37,38]. After drop casting with CoPc
(Fig. 2C-F), SEM results revealed heterogeneous surfaces containing
microcrystals of CoPc with tubular morphology stacked on the electrode
surface. Larger and more ordered microcrystals can be appreciated in
the case of electrodes modified by PI (Fig. 2E and F) compared with
those electrodes modified without PI (Fig. 2C and D), which exhibit a
more unequally and messy CoPc film deposition. Interestingly, SEM-
EDX color mapping of the electrodes (Fig. S2) revealed higher content
and better distribution of CoPc in the previously activated electrode
modified with PI (aMC-CoPc/PI, Fig. S2D).

Therefore, to corroborate these results, CVs at different scan rates
were performed in NaOH for an estimation of the electroactive species
concentration on the surface of the electrodes (I') (Fig. S3), using the
following equation [41]:

n?F2vAT
p="1

4RT ®

where n is the number of electrons transferred (1 electron), F the
Faraday constant (96485.33 C-mol’l), v the scan rate, A the geometrical
area, R the ideal gas constant (8.31 J -mol~ 1K) and T the temperature.
The T' values obtained were 1.26x10‘1°, 2.25x10'1°, 2.02x107'° and
2.58x107'° mol-cm~2 for MC-CoPc, MC-CoPc¢/PI, aMC-CoPc and aMPC-
CoPc/PI, respectively, which clearly indicate that electrodes previously
activated and modified with PI had a higher amount of immobilized
CoPc than the other electrodes. These results could be due to the in-
crease in surface energy of the electrode as a consequence of the acti-
vation (by introduction of polar oxygen functional groups on the
mesoporous carbon) and to the presence of the salt, which has been
shown to be accompanied by a stronger adsorptive behavior [40].
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Additionally, this fact could result in CoPc molecules lying flat on the
surface and that their central cobalt atom forming a chemical bond with
oxygen ions [41], leading to more efficient adsorption of the CoPc
molecule. The corresponding plots of the anodic peak currents linearly
increased with the scan rate (insets in Fig. S3), which confirms surface-
controlled electrochemical processes.

Raman spectroscopy was used to evaluate changes on the surface of
the electrodes before and after modification (Fig. 3). Spectra for MC and
aMC surfaces (Fig. 3A and B) showed typical features of carbonaceous
materials in the Raman shift between 1200 and 1800 cm L. In the case of
MC, the disorder-induced tangential stretching vibrational band (D) and
the in-plane (sp? hybridized) vibrational mode (G) were observed at
1332 and 1574 cm™ !, respectively. These results revealed some disor-
dered forms of graphitic carbon structure present in the walls of MC
[42]. A broad second order 2D band at 2674 cm™! presents the first
overtones of D band, which is attributed to multiple layers of graphene
in graphite structure [43]. After activation of the MC electrode, Raman
spectra revealed a small shift of 5 ecm ! in D and G bands (1337 and
1579 cm_l, respectively) and an increase of 40 em~! in the 2D band
(2714 cm’l). Shifts in both D and G bands can be indicative of structural
stress on carbon bonding due to the introduced heterogeneous atoms
and charge carriers on the surface [44]. It has been reported that the
addition of oxygen to graphitic carbon leads to an increase in the Raman
shift of the D-band [45]. Moreover, an upshift in the G-band is related to
the incorporation of a charged dopant, which modifies charge carriers’
concentration at the surface [46]. A red shift of the 2D-band indicates
the introduction of charge induced by electrons [47]. All these results
point to the introduction of oxygenated functional groups on the surface
of the electrodes, as confirmed the XPS results previously obtained
(Fig. 1).

Furthermore, the intensity ratio of D to G bands (Ip/Ig) is commonly
used to measure the quality of graphitization in crystalline graphite
[48]. The Ip/Ig values obtained were 0.86 and 0.78 for MC and aMC,
respectively. In both cases, the high Ip/Ig values obtained indicate the
presence of defects, such as vacancies or grain boundaries, typical of a
roughed material. The lower Ip/Ig found in aMC could indicate an in-
crease in the average sizes of the sp? domains and a slight reduction of
defects degree when electrodes are activated [49]. This fact could be
consistent with a cleaning of the surface by removal of organic binders
and other impurities.

Raman spectra of aMC, CoPc and aMC-CoPc/PI are shown in Fig. 3C.

Fig. 2. SEM images of the MC (A), aMC (B), MC-CoPc (C), aMC-CoPc (D), MC-CoPc/PI (E) and aMC-CoPc/PI (F) at a magnification of 10,000 (A,B) and 5,000 (C-F).
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Fig. 3. Raman spectra of (A) MC, (B) aMC, (C) comparison between aMC, CoPc and aMC-CoPc/PI and (D) comparison between the different CoPc-

modified electrodes.

The bands of CoPc appear at 200, 243, 485, 596, 683, 748, 833, 955,
1139, 1335, 1457 and 1533 cm’l, as described in [50] (peaks marked
with asterisks). There is an evident change in the Raman spectra of aMC
before and after modification. aMC-CoPC/PI electrodes displayed a
similar Raman spectrum to that of CoPc, which demonstrates the good
deposition of CoPc on the mesoporous structure. A comparison between
MC-CoPc, MC-CoPc/PI, aMC-CoPc and aMC-CoPc/PI electrodes is
shown in Fig. 3D. The spectra demonstrate the presence of CoPc in all
surfaces, with no significant differences. An overlapping in the bands of
CoPc and graphite occurs, which makes the evaluation of the D and G
bands of graphite difficult.

The electron transfer properties of the different electrodes (MC, aMC,
MC-CoPc, MC-CoPc/PI, aMC-CoPc and aMC-CoPc/PI) were also studied
by CV and EIS (Fig. 4). Voltammograms showed similar electrochemical
response for MC and aMC (Fig. 4A), with peak potential difference (AE)
92.6 mV and Ip,/Ipc = 1.25, which indicates good electron transfer and
relatively high quasi-reversibility of the system (Table S1). In the case of
modified electrodes (Fig. 4D and G), better electrochemical results were
obtained for MC-CoPc/PI and aMC-CoPc/PI with respect to their coun-
terparts generated in the absence of PI (MC-CoPc and aMC-CoPc,
respectively), which again demonstrates that deposition of CoPc by PI
is certainly advantageous. Peaks were not well-defined for MC-CoPc,
which indicates much poorer electron transfer associated to lower
CoPc adsorption when compared to MC-CoPc/PI, aMC-CoPc and aMC-
CoPc/PL The AEp values were 260, 121, 172 and 99 mV for MC-CoPc,
MC-CoPc/PI, aMC-CoPc and aMC-CoPc/PI, respectively (Table S1).
The I,a/Tpc ratio values were ~1.2 for all the electrodes, except for MC-
CoPc.

Fig. 4B, E and H display the Nyquist plots of the impedance data for
the different electrodes adjusted to the modified Randles equivalent
circuit (see Table S2, which also includes the apparent electron transfer
rate constants, kapp). A diagram of this circuit is shown in Fig. 4B, where
Ry is the solution resistance, R, is the charge transfer resistance, Zy is

the Warburg impedance and CPE is the constant phase element. MC and
aMC showed a behavior close to an ideal conductor (Fig. 4B). However,
after activation, R slightly increased, with values of 16 and 318 Q for
MC and aMC, respectively. Regarding the electrodes modified with
CoPc, the Nyquist plots (Fig. 4E and H) showed higher R values for the
electrodes generated without PI (8523 and 3535 Q for MC-CoPc and
aMC-CoPc, respectively), which noticeably decreased for those elec-
trodes generated with PI (442 and 133 Q for MC-CoPc/PI and aMC-
CoPc/PI, respectively). Therefore, PI is a procedure that leads to elec-
trodes with improved electron transfer kinetics and ion permeability, in
agreement with CV and EIS measurements (Fig. 4D, E, G and H). The
lower R values obtained in the electrodes modified by PI indicates high
electron transfer kinetics, as could be also confirmed by the higher
apparent electron transfer rate constants (kapp, Table S2). It also suggests
a small electron-tunnelling distance between the modified film and the
carbonaceous surface, which may indicate a flat orientation of CoPc on
carbon electrodes [51]. The aMC-CoPc/PI electrode exhibited the lowest
R¢ and the highest k,,, with a behavior close to an ideal conductor.
Values of CPE in the modified electrodes (Table S2) were in the same
order of magnitude for all the modified electrodes, except for MC-CoPc,
which had a lower value. This result is consistent with Fig. S3(A), which
showed a lower double layer capacitance in the range of 0.2 and 0.5 V,
compared to the other electrodes.

In addition, Bode plots for the electrodes under study have been
included (Fig. 4C, F and I). MC showed a maximum phase angle of ~40°
at low frequencies, which indicates a certain capacitive behavior of the
electrode. The electrochemical activation resulted in a peak at higher
frequencies with a lower phase angle, which could indicate a relaxation
process of the interface with slower electronic transfer kinetics, which is
consistent with the increase in R, and the decrease in kg, after the
activation (Table S2).

The Bode plots of the CoPc-modified electrodes are displayed in
Fig. 4F and L. In the case of MC-CoPc and aMC-CoPc, symmetrical peaks
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Fig. 4. CV response of 5.0 mM K4[Fe(CN)e] in 0.1 M KCl at 50 mV-s ! for the electrodes indicated on each panel (A, D, G). Nyquist plots (B, E, H). Bode plots (C, F, I).

were observed at high frequency with a maximum angle of 55-70°,
corresponding to a relaxation process associated with interface phe-
nomena. These results demonstrate poorer electron transfer and ion
permeability of these electrodes, in agreement with the increase in R
(Table S2). Regarding the electrodes modified using PI, these symmet-
rical peaks disappeared, showing ill-defined peaks with lower phase
angle shifted to lower frequencies. These results could indicate that the
electronic transfer takes place on the CoPc film rather than on the aMC
surface [51]. The higher coverage with CoPc revealed by SEM-EDX color
mapping and the estimation of I in electrodes modified with PI could be
consistent with all these claims (Figs. S2 and S3). In view of these results,
the aMC-CoPc/PI electrode was considered to have the best electro-
chemical properties.

The double layer capacitance, which is related to the available sur-
face area and porous characteristics of electrode materials [52] was
studied for the electrodes bare SPCE (for comparative purposes), MC,
aMC and aMC-CoPc/PI. The electrical double layer capacitance (Cdl)
was calculated from the CVs recorded at different scan rates (Fig. S4). As
expected, MCs showed higher Cdl than SPCEs (3.6 vs. 0.5 pF, respec-
tively), due to the significant increase in porosity. Besides, activation
with NaOH also led to an increase in Cdl (7.1 pF), in agreement with the

increase in porosity observed by SEM (Fig. 2) and the presence of oxygen
functional groups on the surface of the carbon-based active material
[52] (Fig. 1). aMC-CoPc/PI showed an important increase in capacitance
(51 pF), which could be due to the construction of a three-dimensional
structure of CoPc able to store higher quantities of charge between
layers [10]. The comparison of CVs displays how the capacitance in-
creases with the successive treatments of MC (Fig. S4E). The results
obtained can be related to an important increase in the electrochemical
surface area (ECSA) of the electrodes.

Fig. S5 shows the change in cyclic voltammetry (0.1 M NaOH) before
and after modification of the electrode (aMC-CoPc/PI). The response of
the modified electrode revealed well-defined redox peaks potentials at
—0.06 and 0.10 V (vs. Ag). These peaks correspond to the oxidation of
Co""Pc to Co'(OH),Pc complex in the presence of OH~ from NaOH, and
to the oxidation of Co"(OH)sPc to Co(OOH)Pc, respectively [33]. In
addition, the peak potential at —-0.2/-0.3 V corresponds to cobalt
reduction [33] together with the electroreduction of O,. Finally, an
additional peak at approximately —0.5 V can be seen, which corresponds
to the electroreduction of the porphyrin ring [33]. In addition, it can be
appreciated that the reduction of Oy (~-0.4 V at aMC) was shifted to-
wards more positive potentials (-0.25 V at aMC-CoPc/PI). These results
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agree with the fact that Co complexes, especially CoPc, are good elec-
trocatalysts for the oxygen reduction reaction [53].

3.2. Electroanalytical figures of merit

The modified electrodes MC-CoPc, MC-CoPc/PI, aMC-CoPc and
aMC-CoPc/PI were tested for the quantitative analysis of glucose by CV
(Fig. 5). In all cases the electrochemical oxidation of glucose took place
at potentials between 0.4 and 0.5 V. The mechanism involved consists of
the oxidation of Co"Pc to CoHI(OOH)Pc, followed by glucose oxidation at
the Co™(OOH)Pc active center of the electrode, as given by [33]:

Co™ (OOH)Pc + glucose—Co'" (OH),Pc + gluconolactone )

The results obtained demonstrated that electrodes modified using PI
exhibit higher peak intensities in the oxidation of glucose (Fig. 5B and D)
compared to electrodes modified without PI (Fig. 5A and 5C). Further-
more, when MC-CoPc/PI and aMC-CoPc/PI are compared, better elec-
troanalytical outcomes were achieved with the electrodes previously
activated (Fig. 5D). These results could be related with an improved
adsorption of CoPc in the presence of the salt, and they are in accordance
with SEM, EDX, the estimation of electroactive CoPc concentration and
the values of R obtained by EIS (Figs. 2 and S2, calculation of I and
Fig. 4).

In view of these results, the electrode aMC-CoPc/PI was chosen for
analytical purposes. An optimization of the concentration of CoPc so-
lution used for the carbonaceous modification can be seen in Fig. S6,
with 2.5 mg/mL as the optimal concentration.

Fig. S7A shows the CVs of aMC-CoPc/PI in the presence of glucose at
different scan rates. The peak current intensities at 0.1 V associated with
cobalt oxidation were proportional to the scan rate (Fig. S7B), which
indicates a surface reaction-controlled process (as also shown in Fig. S3).
In contrast, the peaks associated with the oxidation of glucose (0.45 V)
and reduction of cobalt (together with oxygen reduction) (-0.2 V) were
proportional to the square root of scan rate, indicating diffusion-
controlled processes (Figs. S7C and D).

The aMC-CoPc/PI electrode was successfully applied to glucose
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quantification by square wave voltammetry (SWV) (Fig. 6). SWV offers
some advantages such as high sensitivity and selectivity and improved
signal-to-noise ratio, making it easier to distinguish the signal from
background noise. The corresponding voltammograms are shown in
Fig. 6A, where a slight shift towards positive potentials was observed
when glucose concentration was increased, probably due to the inter-
mediate species coming from the oxidation of glucose which could
partially be adsorbed on the surface of the electrode. The maximum
current intensity for glucose oxidation was obtained at ~0.45 V
(Fig. 6A) and a linear plot of the anodic peak current vs glucose con-
centration (Fig. 6B) was found. The sensitivity was 22.3 pA-mel, the
limit of detection (LoD) was 27.4 uM (30/s) and the limit of quantifi-
cation 91.3 pM (100/s), being ¢ the standard deviation of the blank
signal and s the sensitivity.

The repeatability of the proposed sensor was evaluated by per-
forming five successive determinations with the same concentration of
glucose (0.5 mM). The results showed a relative standard deviation
(RSD) of 3.31 %. This value (<5%) indicates excellent repeatability and
is similar to the values obtained with other non-enzymatic CoPc-based
sensors [31-33]. Reproducibility of the electrode was also studied by

a0 |(B)
1 (LA)=0.2+22.3-[glucose](mM)

20 4

0 4
00 01 02 03 04 05 08 P p 7 I 3

Potential applied (V) [Glucose] (mM)

Fig. 6. (A) SWV responses of glucose standard solutions with increasing con-
centrations (0.1 to 3.5 mM) in 0.1 M NaOH using aMC-CoPc/PI. (B) Calibration
plot recorded at the maximum peak current with glucose concentration; the
error bars represent the standard deviation (n = 3).

60
A) —— 1 mM glucose B) — 1 mM glucose
x{(A) ——0.1 M NaOH 40.( ) ——0.1M NaOH
< 04 — 204
2 g
=
-20 4
20
w MC-CoPc MC-CoPc/Pl
06 -04 -02 00 02 04 06 55 04 G2 o0 02 o4 06
Potential applied (V) Potential applied (V)
60
(C)—1 mM glucose (D)—1 mM glucose
204 ——0.1 M NaOH ——0.1M NaOH
304
g
=
aMC-CoPc| ] aMC-CoPc/Pl
-40 . , . . . : ; . ; , . , . :
06 -04 -02 00 02 04 06 06 -04 02 00 02 04 06

Potential applied (V)

Potential applied (V)
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preparing five different electrodes and using them for the determination
of 0.5 mM glucose, obtaining a RSD of 4.68 %. This value is in the same
order of magnitude as the values reported for a glassy carbon electrode
modified with multiwalled carbon nanotubes and cobalt tetrasulfonated
phthalocyanine [31], and a pencil graphite electrode modified with
overoxidized polypirrole nanofiber/cobalt phthalocyanine tetrasulfo-
nate [54], and indicates a very good inter-electrode reproducibility of
the modification herein proposed. To check stability, modified elec-
trodes were stored at RT and the electrochemical response against 0.5
mM glucose was periodically recorded. The non-used electrodes
retained 100 % of the signal after 2 months, which demonstrates
outstanding stability and would allow the storage of these electrodes for
long times at RT. In this sense, non-enzymatic sensors have a clear
advantage over enzymatic biosensors, which, in addition to being more
expensive, tend to be less stable and need to be stored under more
specific conditions due to inactivation of enzymes [28].

The analytical parameters of the electrochemical sensor herein pro-
posed were compared with other CoPc-based electrochemical glucose
(bio)sensors found in bibliography (Table 1). The sensitivity of the aMC-
CoPc/PI proposed in this work was better than most of the reported
enzymatic and non-enzymatic (bio)sensors, except for reference [33], in
which a glassy carbon electrode modified with a variety of sophisticated
carbon nanomaterials (single-walled carbon nanotubes and reduced
graphene oxide) was used. In terms of LoD, aMC-CoPc/PI exhibits a
lower value than most enzymatic biosensors indicated in Table 1
[55,56], except for reference [57]. As regards non-enzymatic sensors,
aMC-CoPc/PI achieved better LoD than the electrode made of pencil
graphite and a conductive polymer [54], although electrodes including
graphene showed lower LoD [32,33]. Regarding linear range, aMC-
CoPc/PI electrode can quantify glucose from 0.1 to 3.5 mM, which is
wider than most enzymatic biosensors indicated in Table 1. When
compared with other non-enzymatic sensors, only the one that uses a
CoPc derivative, namely CoPc tetrasulfonate (CoPcT), and DPV for the
electrochemical measurements, presents a wider linear range [54]; it
should also be noted that other non-enzymatic sensors showed two
calibration ranges for glucose determination [32,33], which could
potentially lead to inaccurate glucose measurements when falling in the
middle of these two calibration ranges. To sum up, the electrode herein
proposed, aMC-CoPc/PI, achieves good analytical performance at low
potential (0.45 V) with no additional conductive material other than the
MC screen-printed electrode and CoPc as electrocatalyst, making it a
very simple electrode for mass production.

Selectivity of a sensor is essential for practical applications. For that
reason, the electrochemical response of aMC-CoPc/PI to some electro-
active species that can coexist with glucose in complex biological fluids
and other real samples was recorded by SWV (Fig. S8). Among the
compounds tested, ascorbate, dopamine and uric acid exhibited peaks at
less positive potentials (0.02, 0.08 and 0.1 V, respectively), which means
that they will not interfere with the quantification of glucose at 0.45 V.
Particularly, the measurement of glucose in the presence of uric acid is
possible because the oxidation potentials of both compounds are suffi-
ciently separated (about 0.35 V, Fig. S8C). Additionally, autooxidation
of ascorbate and dopamine in alkaline media is well-known [58,59],
which makes these compounds non-interfering under these conditions.
The compounds sucrose, urea, citrate, dehydroascorbate and NaCl did
not show any oxidation peak at the studied potential window, which
could be interesting for the measurement of glucose levels in different
kinds of real samples. These results confirmed the excellent selectivity of
aMC-CoPc/PI for glucose quantification. A scheme of the mechanism of
glucose oxidation by the aMC-CoPc/PI is depicted in Fig. S8D.

The accurate measurement of glucose in real samples such as bio-
logical fluids and commercial preparations is of paramount importance
in terms of health and quality control. The applicability of aMC-CoPc/PI
was addressed by measuring glucose in samples of different nature, with
different matrices, particularly horse serum, intravenous glucose saline
solution and culture medium for sperm cells (Table 2). The measurement
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Table 1
Comparison of the analytical performance of various CoPc-based electrodes for
glucose determination.

Electrode Electrochemical Sensitivity LOD Linear Ref.
method (pA-mM’l) (HM) range
(mM)
CoPc/GOD/ Amperometry 1.12 200 0.2-5.0 [55]
SPCE (0.5 Vys Ag)
(enzymatic
GOx)
GO-CoPc Amperometry 2.2 63 0.1-1.0 [56]
paper-based (0.4 Vvs Ag)
electrode
(enzymatic
GOx)
CNF-CoPc Amperometry 2.6 68 0.1-1.0 [56]
paper-based (0.4 Vvs Ag)
electrode
(enzymatic
GOx)
MWCNT-CoPc Amperometry 1.3 91 0.3-1.0 [56]
paper-based (0.4 Vvs Ag)
electrode
(enzymatic
GOx)
Nafion/GOD/ Amperometry 11.4 14.6 0.02-1.6 [57]
nanoCoPc- (0.5 V vs. SCE)
Gr/GCE
(enzymatic
GOx)
PG/OPPyNF/ DPV 5.7 100 0.2-20.0 [54]
CoPcT (0.35 Vvs. Ag/
(non- AgCl)
enzymatic)
CoPc/G/IL/ Amperometry 15.9 0.67 0.01-1.3 [32]
SPCE (0.7 Vand 0.8V 9.8 1.3-5.0
(non- vs Ag)
enzymatic)
SWCNT/rGO/ Amperometry 34.3 0.12 0.003-0.5 [33]
CoPc/GCE (0.55 Vvs Ag/ 61.7 0.5-5.0
(non- AgCl)
enzymatic)
aMC-CoPc/PI SWv 22.3 27.4 0.1-3.5 This
(non- (0.45 V vs Ag) work
enzymatic)

CoPc/GOD/SPCE: Cobalt phthalocyanine/glucose oxidase/screen-printed car-
bon electrode; GO-CoPc: Graphene oxide-cobalt phthalocyanine; CNF-CoPc:
Carbon nanofibers-cobalt phthalocyanine; MWCNT-CoPc: Multiwalled carbon
nanotubes-cobalt phthalocyanine; Nafion/GOD/nanoCoPc-Gr/GCE: Nafion/
Glucose oxidase/cobalt phthalocyanine nanorod-graphene nanocomposite/
glassy carbon electrode; PG/OPPyNF/CoPcT: Pencil graphite/overoxidized
polypirrole nanofiber/cobalt(Il) phthalocyanine tetrasulfonate; CoPc/G/IL/
SPCE: Cobalt phthalocyanine/graphene composite/ionic liquid/screen printed
electrode; SWCNT/rGO/CoPc/GCE: Single-walled carbon nanotube/reduced
graphene oxide/cobalt phthalocyanine/glassy carbon electrode.

Table 2

Determination of glucose concentration in different real samples by using the
electrode aMC-CoPc/PIL. Data were compared by using a standard enzymatic
spectrophotometric method.

Sample [Glucose] [Glucose](mM) Recovery
(mM) Spectrophotometric (%)
aMC-CoPc/ method
PI

Horse serum 3.71 £ 0.06 3.61 £0.07 102.7

Intravenous glucose saline 2.68 £ 0.04 2.55+0.03 105.0

solution (diluted 1:100)
Culture medium for sperm 1.45+£0.04 1.45+0.01 100.0

cells (diluted 1:40)

The trueness of the method was calculated using recovery. This parameter was
calculated as the ratio of glucose concentration found by aMC-CoPc/PI*100 and
glucose concentration found by the reference method [61].
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of glucose in this last case is key because this compound is an essential
supplement for sperm conservation and motility [60]. The values ob-
tained were compared to those obtained by a specific standard spec-
trophotometric method (enzymatic kit for glucose determination). The
results showed excellent accuracy in the measurement of glucose with
recoveries between 100 and 105 %. Therefore, the electrode aMC-CoPc/
PI could be applied for the analysis of glucose in complex samples with
high performance.

4. Conclusions

The preparation of a non-enzymatic glucose electrochemical sensor
has been designed by following a simple and cost-effective method
based on the combination of both electrochemical activation of MC
substrate of screen-printed carbon platforms and the use of phase
inversion (PI) to increase surface energy of the electrode for the effective
deposition of CoPc. Physicochemical characterization of the electrodes
has been addressed as a function of the electrochemical pretreatment of
MC surface and the use of PI for the immobilization of CoPc. Findings
showed that PI is a very effective tool for depositing higher amounts of
CoPc on the MC surface, and that the electrochemical outcome of
glucose oxidation improves with prior activation of the MC surface.
Under those premises, the aMC-CoPc/PI electrode exhibited excellent
catalytical properties for the oxidation of glucose, with high sensitivity
and selectivity, as well exceptional stability after two months with
electrocatalytic retention of 100 %. The aMC-CoPc/PI electrochemical
sensor herein developed has been successfully applied to the measure-
ment of glucose within some complex real samples, with recoveries
between 100 and 105 % when compared to a standard enzymatic
spectrophotometric method. The methodology herein proposed could
represent a promising alternative for mass production of glucose elec-
trochemical sensors based on metal phthalocyanines, as well as it could
also be useful for the immobilization of other (bio)molecules or (bio)
electrocatalysts on porous carbonaceous surfaces.
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